INTRODUCTION {#s1}
============

Background {#s1-1}
----------

Globally, AIDS is the leading cause of death among women 15--44 years old.^[@R1]^ Young women and girls aged 15--24 are disproportionately affected by HIV/AIDS, particularly in sub-Saharan Africa. In some countries, HIV prevalence among 15--24-year-old females is more than 7 times that of their male counterparts.^[@R2]^ In addition to HIV, nearly 300 million women are infected with the human papillomavirus (HPV),^[@R3]^ and 267 million women are living with herpes-simplex virus type-2 (HSV-2).^[@R4]^ Both viruses increase the risk of HIV acquisition and cause significant morbidity.^[@R5]^ For over 2 decades, scientists have been working to develop vaginal microbicides to expand the limited options women currently have to protect themselves against HIV and other sexually transmitted infections (STIs).^[@R6]^ Of the 7 candidate microbicide gels to complete advanced-stage clinical trials,^[@R7]^ only the antiretroviral (ARV)-based 1% tenofovir gel was shown to reduce the risk of HIV acquisition in women (CAPRISA 004).^[@R8]^ However, 2 subsequent phase 3 trials found no reduction in HIV risk.^[@R9],[@R10]^

In response to the suboptimal adherence that likely contributed to the lack of effectiveness in most phase 3 microbicide gel trials,^[@R11],[@R12]^ product developers began pursuing other drug delivery platforms, such as intravaginal rings (IVRs). A one-month IVR containing dapivirine, a nonnucleoside reverse transcriptase inhibitor (NNRTI), is furthest in development, with 2 phase 3 efficacy trials recently completed.^[@R13],[@R14]^ Despite adherence being an obstacle in many microbicide trials, including the 2 dapivirine IVR trials, data indicate that there are women who can achieve high adherence.^[@R15]^ In the CAPRISA 004 trial and in both dapivirine IVR trials, there was a direct relationship between higher adherence and higher effectiveness rates among participants randomized to the active products.^[@R8],[@R13]^ Although other delivery platforms are clearly needed, gel formulations could be used both vaginally and rectally and may be preferred by some women. Given that those at risk of HIV practice vaginal and/or anal intercourse,^[@R16]--[@R18]^ a gel designed for dual compartment use is likely to improve adherence. This article reports on the first-in-human study of MIV-150 and zinc acetate (ZA) coformulated in a carrageenan (CG) gel (PC-1005).

PC-1005 {#s1-2}
-------

The MIV-150, ZA, and CG combination is a promising multipurpose prevention technology (MPT) being developed as a dual compartment gel to prevent HIV, HSV-2, and HPV. MIV-150 is a potent, third-generation NNRTI that was originally developed as an orally administered HIV treatment. However, because oral bioavailability targets were not achieved in phase 1 studies, development of MIV-150 for oral therapy was discontinued.^[@R19]^ ZA is generally recognized as safe (GRAS) by the United States Food and Drug Administration,^[@R20]^ is used in many over-the-counter pharmaceuticals,^[@R21]^ and has been shown to have activity against HIV and other viruses.^[@R22]--[@R25]^ CG is also a GRAS substance used in many consumer products and foods,^[@R20]^ with excellent rheological properties. CG is the most potent inhibitor of HPV known,^[@R26]^ potentiates the anti-HSV-2 activity of ZA,^[@R27],[@R28]^ and has been found safe for vaginal use in multiple studies.^[@R29]--[@R34]^ PC-1005 is active in vivo against vaginal or rectal challenge with HIV, simian-human immunodeficiency virus-reverse transcriptase, HSV-2, and HPV^[@R24],[@R35],[@R36]^; ex vivo against simian-human immunodeficiency virus-reverse transcriptase in explants^[@R37],[@R38]^ and remains active in the presence of semen.^[@R27],[@R28]^

In this first-in-human trial of PC-1005, the primary objectives were to evaluate the safety of PC-1005 and determine the plasma pharmacokinetics (PK) of MIV-150 in women who applied the gel vaginally once daily for up to 14 days. Secondary objectives were to assess acceptability and adherence. Exploratory objectives were to determine zinc (Zn^2+^) PK in plasma; measure MIV-150 concentrations in cervical tissue; and assess MIV-150, Zn^2+^, and CG pharmacodynamics (PD) in cervicovaginal lavages (CVLs).

METHODS {#s2}
=======

Trial Design {#s2-1}
------------

A randomized, placebo-controlled, double-blind, phase 1 trial of PC-1005, sponsored by the Population Council (New York, NY), was conducted at the University of Alabama, Birmingham (UAB). An open-label (OL), single-arm, safety study preceded the trial (randomized period). Women aged 19--49, who provided written informed consent, were screened based on medical history, physical examination, pelvic examination, colposcopy, and laboratory testing, including for HIV and STIs. Healthy, HIV-negative, nonpregnant women currently using an effective, nonvaginal contraceptive method, with a body mass index of 18--32 kg/m^2^, and who agreed to remain sexually abstinent from the time they were screened until they exited the study were eligible. Women who tested positive for STIs other than asymptomatic HSV-2, bacterial vaginosis or candidiasis, were ineligible.

Participants enrolled in the 6-day OL period (n = 5), who were not subsequently eligible for the randomized period, were requested to self-administer 4 g of PC-1005 vaginally, under clinical supervision, once daily at the same time (±5 minutes) for 3 consecutive days (days 1--3) to collect preliminary safety data and to identify the most appropriate PK time points for the randomized period. Participants stayed overnight for 24-h PK blood draws on day 1 into day 2 and day 3 into day 4, and attended outpatient visits on days 5 and 6. Safety was assessed after each dose and at study exit (day 6).

Participants enrolled in the randomized period were to be assigned (4:1) to apply PC-1005 or placebo (hydroxyethylcellulose) gel vaginally once daily for 14 consecutive days (days 1--14). Participants were simultaneously stratified (1:1) to a final PK/PD specimen collection time point either 4 hours (day 14) or 24 hours (day 15) after the last dose. Treatment randomization occurred in blocks of 5. At enrollment, a study nurse opened the next consecutive presealed randomization envelope indicating the randomization number and time point. Participants and staff at the Council and UAB were blinded to the product assignment, but not time point, through the end of data collection.

In the randomized period, doses 1, 8, and 14 (days 1, 8, and 14) were applied under direct observation in the clinic, and the remaining 11 doses were self-administered at home. Participants were given instructions to take home that illustrated how to insert the gel properly, emphasized the importance of adhering to the dosing regimen, and reinforced the need for abstinence. Participants were instructed to save all used applicators, to document the date and time each home applicator was inserted on individual plastic bags provided by the study staff, and to return all applicators at the next study visit. Clinical and laboratory safety assessments occurred at all visits. Drug concentrations were assessed after doses 1, 8, and 14, and PD was assessed before the first and after the last dose. The first dose (day 1) was scheduled at least 7 days after enrollment, and as soon as possible after the participant\'s last menstrual period. Participants assigned to the 24-hour PK/PD time point after dose 14 stayed overnight at the clinic (until day 15), whereas all other visits were outpatient.

The protocol and amendments were approved by the Population Council (Protocol Number PC-558) and UAB Institutional Review Boards. The trial adhered to International Conference on Harmonisation and US FDA Guidelines for Good Clinical Practices and was registered at [ClinicalTrials.gov](http://ClinicalTrials.gov) (NCT02033109).

Investigational Products {#s2-2}
------------------------

PC-1005 and hydroxyethylcellulose^[@R39]^ gels were manufactured and packaged in identical individually wrapped, prefilled, single-use, metered dose applicators (HTI Plastics; Lincoln, NE) at the Population Council\'s Good Manufacturing Practices facility (Center for Biomedical Research, New York, NY). Each participant was assigned a unique, prepackaged kit containing all the applicators needed for study participation: 4 applicators for the OL period (1 dose per day for 3 days, plus 1 extra as a backup) and 15 applicators for the randomized period (1 dose per day for 14 days, plus 1 extra).

Safety Assessments {#s2-3}
------------------

Safety assessments included physical examinations, vital signs, electrocardiograms (OL only), and laboratory assessments at all visits. Pelvic examinations were performed at enrollment, and before the first and after the last dose. Colposcopy (with cervical and vaginal biopsies in the randomized period) was performed before the first and after the last dose. In the randomized period, nurses also called participants on days 5 and 11 to ensure they were not experiencing any problems. Primary outcomes included abnormal clinical or laboratory findings, and treatment emergent adverse events (TEAEs), defined as AEs occurring during or after the first dose, and on or before the third (during the OL period) or seventh (during the randomized period) day after the last dose.

Pharmacokinetics {#s2-4}
----------------

In the OL period, blood was drawn to determine plasma drug concentrations of MIV-150 and Zn^2+^ predose; 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 16, 18, 20, and 24 hours after doses 1 and 3 (days 1 and 3); and 48 and 72 hours after dose 3 (days 5 and 6, respectively). In the randomized period, blood draws for MIV-150 plasma PK occurred predose; 0.5, 1, 2, 3, 4, 6, 8, and 12 hours postdose (days 1 and 8); and up to 4 hours (day 14) or 24 hours (day 15) postdose 14, per the stratification scheme. Concentrations of MIV-150 in plasma were determined using liquid chromatography with tandem mass spectrometry (LC-MS/MS) as published, with modifications.^[@R36]^ Concentrations of Zn^2+^ in plasma were determined using inductively coupled plasma-mass spectrometry (ICP-MS), the standard method used by Quest laboratories (Tucker, GA).

Acceptability and Adherence (Randomized Period Only) {#s2-5}
----------------------------------------------------

On day 14, participants self-administered a written acceptability questionnaire in which they rated the gel overall, as well as specific characteristics (color, odor, and volume), as recommended by Morrow and Ruiz.^[@R40]^ Adherence was calculated as the proportion of home doses inserted compared with home doses planned (maximum of 11). An applicator was considered "used" if it was returned opened and if a participant reported using it during an interviewer-administered quantitative questionnaire (days 8 and 14).

PD (Randomized Period Only) {#s2-6}
---------------------------

Before dose 1 (day 1) and after dose 14 (4 or 24 hours, per the stratification scheme), CVLs were collected (using 10 mL of sterile normal saline) to measure concentrations and antiviral activity of MIV-150, Zn^2+^, and CG in vaginal fluid. To measure MIV-150 concentration in tissue, one 3 × 5-mm pinch biopsy was collected from the ectocervix of each participant after dose 14 (4 or 24 hours postdose). Concentrations of CG (CVL) and MIV-150 (CVL, tissue) were determined using ELISA^[@R28]^ and LC-MS/MS,^[@R36]^ respectively. Zn^2+^ concentrations (CVL) were determined by atomic emission spectroscopy (Alliance Analytical Lab; Coopersville, MI). Antiviral activity in CVL was assessed using a TZM-bl assay with an HIV-1~ADA-M~ laboratory strain,^[@R28]^ a colorimetric assay using an HSV-2 G strain,^[@R41]^ and a luciferase assay using HPV16 pseudovirus.^[@R28]^ Assays were performed on serial dilutions to establish a dose--response curve.

Data Analysis {#s2-7}
-------------

Safety, acceptability, and adherence data were analyzed descriptively using SAS Version 9.1.3 (SAS Institute, Cary, NC). Adverse events (AEs) were coded using the Medical Dictionary for Regulatory Activities (MedDRA, Version 16.0), and graded according to the Division of AIDS Table for Grading the Severity of Adult and Pediatric Adverse Events, Version 1.0 (clarification, August 2009) and the Female Genital Table for Use in Microbicide Studies.^[@R42]^ The number and percentage of participants with each AE were summarized. Plasma PK parameters were calculated from concentration--time data using noncompartmental techniques and actual sampling times using Phoenix WinNonlin Version 6.3 (Pharsight Corp., St. Louis, MO). A minimum of 3 quantifiable PK samples was required to include a participant in the area under the concentration--time curve (AUC) analysis. GraphPad Prism 5.0c Software, Inc. (La Jolla, CA) was used to prepare curve-fitting analysis and to calculate the median cytotoxicity concentration (CC~50~) and the half-maximal effective concentration values (EC~50,~ based on CVL dilution or drug concentrations) for all CVLs. Correlations between levels of MIV-150, Zn^+2^, and CG in CVL, between MIV-150 in CVL and cervical tissue, and between MIV-150 and CG and their respective antiviral activity, were calculated.

RESULTS {#s3}
=======

Disposition and Demographics {#s3-1}
----------------------------

Between June 2014 and March 2015, 25 women were enrolled in the PC-558 trial. All 5 participants in the OL period and 17/20 participants (14/17, PC-1005; 3/3, placebo) in the randomized period completed follow-up. One PC-1005 participant withdrew consent before dosing, and 2 were lost to follow-up (one before dosing, one after day 1/dose 1). Most participants were single, black, or African American, and averaged 29.9 years of age (Table [1](#T1){ref-type="table"}).

###### 

Demographics and Other Background Characteristics of Participants in PC-558 (n = 25)

![](qai-73-489-g001)

Exposure and Adherence {#s3-2}
----------------------

The 5 participants in the OL period received all 3 in-clinic doses of PC-1005. In the randomized period, the average number of used applicators per participant was 12.8 for PC-1005 and 14.0 for placebo. Adherence to home use (based on self-report and applicator count) was 97.9%; 11/14 participants and 3/3 participants in the PC-1005 and placebo groups, respectively, reported inserting all home doses. Among women in the PC-1005 group, 2 reported missing 1 home dose, 1 reported missing 2 home doses, and 2 missed an in-clinic dose because of inclement weather.

Safety {#s3-3}
------

There were no safety concerns in the OL period, enabling the randomized period to proceed. TEAEs in the randomized period were recorded for 11/15 participants in the PC-1005 group and 3/3 participants in the placebo group (Table [2](#T2){ref-type="table"}), the majority of which were Division of AIDS grade 1. No grade 3 or 4 TEAEs were recorded. There were no deaths, serious adverse events, or AEs leading to discontinuation. Related events (as determined by the investigator based on the temporal relationship) included metrorrhagia, vaginal discharge, vulvovaginal pruritus, abdominal discomfort, constipation, and urinary tract infection in the PC-1005 group; and uterine spasm (cramps) in both groups. No significant histopathologic changes in cervical or vaginal biopsies were observed in any of the 17 women who completed the randomized period (data not shown).

###### 

Adverse Events Reported for Participants in PC-558, Regardless of Causality (n = 23)

![](qai-73-489-g002)

Pharmacokinetics {#s3-4}
----------------

Figure [1](#F1){ref-type="fig"} illustrates the mean MIV-150 concentration at each time point for the OL and randomized periods of the study. As shown in Table [3](#T3){ref-type="table"}, the mean maximum concentration (C~max~) of MIV-150 in plasma was virtually identical on day 1 in the OL and randomized periods 113 and 114 pg/mL, respectively. The mean C~max~ was lower on day 3 (OL period) and days 8 and 14 (randomized period) than the corresponding day 1 values. The mean area under the concentration--time curve from time zero to 12 hours postdose (AUC~0--12~) on day 3 was lower than on day 1 (646 versus 753 pg·h·mL), and was lower on day 8 (601 pg·h·mL) and day 14 (586 pg·h·mL) than day 1 (818 pg·h·mL). A similar pattern was observed for AUC~0--tau~ (AUC during a dosing interval). With once-daily dosing, the mean half-life on day 14 was 5.5 hours with no drug accumulation observed. All postdose Zn^2+^ concentrations in both periods and in all participants were unchanged from baseline and were within the normal range (60--130 μ/dL; data not shown).

![Mean MIV-150 plasma concentration--time profile, linear scale. Concentration of MIV-150 in plasma during OL (A) and randomized (B) periods. All plasma values assayed as nondetectable were assigned values of zero (0). All zero and nonzero plasma values were used in summaries and plasma PK parameter calculations. Line horizontal to *x*-axis is the lower limit of quantitation (20 pg/mL) for MIV-150 in plasma.](qai-73-489-g003){#F1}

###### 

Summary of MIV-150 Plasma PK Parameters\*

![](qai-73-489-g004)

Acceptability {#s3-5}
-------------

Of the 17 participants completing the randomized period, 11/17 (pooled across groups) reported liking the gel, overall, and all 17 said the gel was easy to use. Although most participants (14/17) were not bothered by gel leakage, 7/17 recommended reducing the gel volume. Almost all participants (13/14, PC-1005; 3/3, placebo) reported that they would be willing to use a similar gel if it effectively reduced the risk of HIV infection, and they were worried about getting HIV. Detailed acceptability data will be presented in a forthcoming publication.

Pharmacodynamics {#s3-6}
----------------

Among participants randomized to PC-1005, CVLs collected at baseline and at 4 hours (n = 7) or 24 hours (n = 6) after dose 14 were available for evaluation. (One participant missed the 24-hour postdose CVL collection because severe weather shut down the clinic.) Anti-HIV activity was detected for 3 participants at baseline (mean EC~50~ of 0.096 dilution), 7/7 participants at 4 hours postdose (mean EC~50~ of 0.025 dilution, corresponding to a mean of 0.78 nM of MIV-150), and 1/6 participants at 24 hours postdose (EC~50~ of 0.377 dilution). Anti-HPV activity was detected for 4 participants at baseline (mean EC~50~ of 0.036 dilution), 7/7 participants at 4 hours postdose (mean EC~50~ of 0.0002 dilution, corresponding to a mean of 67.43 ng/mL of CG), and 4/6 participants at 24 hours postdose (mean EC~50~ of 0.029 dilution, corresponding to a mean of 212.87 ng/mL CG). In some cases, HIV or HPV infection was reduced when cells were infected in the presence of baseline CVLs compared with virus controls, which presumably reflects the endogenous activity of genital tract secretions. This endogenous activity of CVLs in microbicide trials has been described previously.^[@R43]^

As shown in Figure [2](#F2){ref-type="fig"}, MIV-150 and CG concentrations were correlated with each other (r = 0.956; *P* \< 0.0001), with zinc concentrations (r = 0.8487, MIV-150; r = 0.9172, CG; *P* \< 0.0001 for both) and with their respective antiviral activity (r = −0.6190, MIV-150; not significant; r = −0.9879, CG; *P* \< 0.0001). MIV-150 in tissue and CVL were also strongly correlated (r = 0.968; *P* \< 0.0001). EC~50~ values based on drug concentration suggest that vaginal fluid components did not affect the antiviral properties of MIV-150 and CG. Anti-HSV-2 activity was not detected. As shown in Figure [2](#F2){ref-type="fig"}B, samples with high active pharmaceutical ingredient concentrations resulted in lower EC~50~ values based on CVL dilution because the greater the amount of active pharmaceutical ingredient in the sample, the more dilution required to reach the EC~50~ value.

![Correlation of active pharmaceutical ingredient levels with each other, in different compartments, and their respective antiviral activity. A, Concentrations of MIV-150 in plasma, CVL, and tissue were determined using LC-MS/MS, Zn^2+^ in plasma and CVL using ICP-MS, and CG in CVL using ELISA. Lines parallel to *x*-axis and *y*-axis are the lower limit of quantitation for each API/compartment. B, API concentrations were determined as described above; antiviral activity was determined using the TZM-bl and luciferase assays for anti-HIV-1 and anti-HPV16 PsV activity, respectively. The graphs show the log EC~50~ values for each sample versus API concentration.](qai-73-489-g005){#F2}

DISCUSSION {#s4}
==========

A 4-g dose of PC-1005 gel inserted once daily for up to 14 days was well tolerated by sexually abstinent, HIV-seronegative women. CVLs obtained at 4 hours postdose demonstrated anti-HIV and anti-HPV activity in all 7 women assessed. Based on self-reports, most (14/17) participants completing the trial inserted all home doses and the majority (11/17) reported liking the gel, overall. No safety signals emerged in AEs, laboratory, or clinical parameters. As expected based on animal studies, MIV-150 was absorbed at low levels, with no drug accumulation observed in daily dosing. The lower C~max~ and AUC values for MIV-150 on days 8 and 14 versus day 1 likely reflect the induction of drug-metabolizing enzymes by MIV-150. Human CYP3A4 has been implicated in metabolism of MIV-150^[@R44]^ and other NNRTIs and has been shown to be induced by the NNRTI rilpivirine.^[@R45]^ In addition, a similar decline of MIV-150 in plasma after MIV-150--sustained exposure has been seen in macaque preclinical studies.^[@R44]^ How this may affect tissue PK and efficacy is unknown and should be explored in future studies. In addition, Zn^2+^ concentrations in plasma were similar before and after PC-1005 exposure. Studies in macaques indicating a similar PK profile have shown that PC-1005 affords complete protection against simian-human immunodeficiency virus-reverse transcriptase in animals challenged 8 hours after single or repeated gel application.^[@R27],[@R35],[@R36]^ Eight hours of protection substantially exceeds the target product profile specifications for PC-1005, an on-demand gel used around the time of intercourse. Low systemic concentrations of MIV-150 also minimize the potential for adverse reactions.

MIV-150 and CG concentrations in CVLs collected 4 hours postdose were 300 and 10,000 times their respective EC~50~ values, and MIV-150 tissue concentrations were 100 times and 700 times the in vitro EC~90~ and EC~50~ values, respectively. An important advantage of this study is that antiviral activity was measured rather than estimated based on active pharmaceutical ingredient concentrations and presumed EC~50~ values. Anti-HIV and anti-HPV activity were detected in cell-based assays demonstrating that efficacy of MIV-150 and CG is not negated by vaginal fluids. Both MIV-150 and CG in CVL had the expected EC~50~ values (\<2 nM for MIV-150, \<100 ng/mL for CG).^[@R28]^ More MIV-150 and CG were detected in CVL samples collected 4 hours postdose than 24 hours postdose, corresponding to PC-1005\'s greater anti-HIV and anti-HPV activity at 4 hours. These findings mirror preclinical macaque data.^[@R35],[@R36],[@R46]^ Although Zn^2+^ concentrations also increased at 4 hours postdose (compared with baseline), it was not possible to demonstrate the impact of Zn^2+^ on anti-HSV-2 activity because viral infection was blocked in baseline CVLs in the assay used (data not shown). Explant studies have shown activity of PC-1005 against HIV and HSV-2.^[@R47]^

Safety findings from this study indicate that PC-1005 seems comparable with the extensive data available for tenofovir gel^[@R8]^ and early clinical data available for dapivirine (gel and IVR).^[@R48]--[@R51]^ Differences in the PK profiles (such as C~max~ and T~1/2~) between tenofovir, dapivirine, and MIV-150 are likely due, in part, to the much higher concentrations of tenofovir and dapivirine loaded in the respective gels (due to the higher EC~50~ values, in the case of tenofovir, compared with MIV-150).^[@R8],[@R46],[@R48]--[@R50]^ Unlike dapivirine, which is only active against HIV, and tenofovir, which is active against HIV and has recently been shown to prevent HSV-2,^[@R52]^ PC-1005 is the only MPT that also has activity against HPV. The capacity of PC-1005 gel to block HPV is critical given that multiple strains of HPV---including low risk types that are not included in any of the currently available vaccines---have been shown to double HIV risk in certain settings.^[@R53]^

Data from this first-in-human trial provide the foundation for further exploration of PC-1005 gel\'s safety when used over longer periods of time, multiple times per day, by sexually active women, and when used rectally. Given that more than one-third of participants recommended reducing the amount of gel delivered, future studies will need to identify an acceptable volume when the gel is used as designed: on demand in the context of sexual activity. Despite overall low levels of adherence in recent microbicide trials, there are women who achieve high rates of adherence using an on-demand regimen.^[@R15]^

In conclusion, PC-1005 vaginal gel is safe and well tolerated. CVLs collected 4 hours after dosing had anti-HIV and anti-HPV activity in cell-based assays. These promising findings warrant the further development of PC-1005 as an MPT for prevention of HIV and other STIs.
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